The effect of artificial flood on river channel disturbance is clarified quantitatively using the results of field observations and numerical simulations. Based on the prediction of positive impacts expected in the maintenance of ancient watercourses, channel changes were analyzed using river bed calculations during the flood of August 2016, which was the largest available scale. Results showed that the vegetative area lost owing to the flood tended to be larger along the old watercourse than they were in the current channel, and was also noticeable in the section where the old watercourse was actively maintained by excavation. This research has demonstrated that the maintenance of the old watercourse has positive impact on the restoration of gravel bars by promoting channel changes during floods.
INTRODUCTION
The Satsunai River, the first tributary of the firstclass Tokachi River, was characterized by multiple channels with wide gravel bars. The effects of a dramatic decrease in the annual maximum river discharges between 2006 and 2010 and other factors significantly accelerated forestation in the river channels. 1), 2) River channels were stabilized, and the size of gravel bars was reduced quickly. Fig. 1 shows the changes in the forested and gravel bar areas over the years, and Photo 1 shows the progress of forestation.
On the basis of above status, for the purpose of recovery of gravel bars in the Satsunai River, since 2012, artificial floods have been implemented from Satsunai River dam with maximum discharge of 120 m 3 /s, an equivalent of probability scale of 1/1 at the end of June. 1), 2) Yamaguchi et al. 3) confirmed that during a flood of probability scale of 1/20 in September 2011, in the area where the old watercourse in the forested area, a large channel disturbance was observed in an area where the river bed heights at the bifurcation of the current and old channels were about the same height; meanwhile, in the area where the inflow section of the old watercourse was blocked due to sediment deposition, only small-scale disturbance was seen. They noted this point and showed that by selecting a location where the river bed slope in the lower side of the pool and connecting it to the old watercourse by excavation, they were able to restore the old watercourse efficiently. Shimizu et al., 4) , 5) on the other hand, revealed that suppressed forestation occurred after an excavation in the stabilized sandbar of the Watarase River, inducing a large flood and thereby flood disturbance.
In August, 2016, the largest existing scale of flood in the Satsunai River resulted in some increase in the gravel bar areas and the loss of river vegetation, but there was a significant difference in terms of the scale of vegetative loss between the current and the old ones.
Based on the above discussion, considering applying the ideas to other rivers going forward, when deciding the location where the old watercourse can be restored efficiently, channel trend was analyzed and consideration was given to the scale of excavation required for the restoration of old watercourses. We predicted the expected positive effects by maintaining the old watercourse based on the calculation of river bed variations. Additionally, we analyzed the status changes in the river channel caused by the flood in August 2016 and calculated the loss of vegetated area along the current and the old watercourses and evaluated the positive effects by maintaining the old waterPhoto1 Thick tree growth and established watercourses.
course.
The purpose of this paper is to investigate the effects of the maintenance of the old watercourse by artificial flood, which then leads to recovery of gravel bars.
EFFICIENT METHODS TO RESTORE AND STABILIZE THE OLD WATER-COURSES
The stabilization of the current watercourse is greatly influenced by the loss of the branched flow. 6) Thus, at the upper reach section of the Satsunai River, the sediment deposition was excavated at the inflow section of the old watercourse at the normal water level between one to four locations since 2013, and a total of nine project areas were installed where the current watercourse was branched and connected to the old watercourse. Locations, channel characteristics, annual maximum discharges, and excavation diagrams are shown in Fig. 2 to Fig. 4 . Excavation conditions were uniform in project areas, but based on the 2014 survey, lower reach project area D showed less inflow into the old watercourse.
The trend in channel plane and stream profile for both the E project area where the inflow into the old watercourse was great and the flood in August 2014 changed the channel, and the D project in the lower reach area where such change was small were confirmed by the existing aerial photographs and the laser profiler data (hereinafter LP) taken in 2013. Fig. 5 shows the channel changes and stream profiles at each location.
The channels with multiple bars alternately exhibit wider (anti-nodes) and narrower (nodes) sections due to erosion in the flow direction. 7) Fig. 5 shows that at nodes, channel changes are small in cross-sectional direction while anti-nodes located in the lower direction from the node and channel change greatly. Nodes and anti-nodes seen in channel changes are classified as pool or riffle. A node shown in the river bed close to the level is classified as a pool, while an anti-node seen lower from the pool at 1/110 slope is classified as a riffle. The stream profile in Fig. 5 shows that the E project area is immediately below the node and the D lower reach project area is at the node respectively connected to the old watercourse. When the river bed slope is gradual, the proportional flow volume branched into is significantly reduced 3) and therefore the D lower reach project area with the river bed slope as it is, the flow into the old watercourse is probably reduced. In order to efficiently restore the old watercourse, it is important to understand the detailed stream profile and connect the flow into the old watercourse imme- diately below a node at steep slope. However, understanding the longitudinal characteristics of pools and riffles through regular crosssectional measurements implemented at regular interval of approximately 200 m only is challenging, and having a detailed stream profile by surveying all rivers is not an easy task. Therefore, if multiple channels are to be restored efficiently, it is important to select excavation locations at the old watercourse connections, to be confirmed using existing aerial photographs, for the distribution of old watercourses along with nodes and anti-nodes locations and the survey of stream profile with particular attention to the upper and lower sections of nodes.
EVALUATION ON THE MAINTE-NANCE OF THE OLD WATER-COURSE BY ARTIFICIAL FLOODS
Due to status changes 3) after the September Flood in 2011 in a large-scale channel disturbance, maintaining the old watercourse is considered necessary during floods. Therefore, the effects of artificial floods after excavation to connect to the old watercourse were discussed based on river bed variation, using iRIC Nays2D 4.2. 8)
(1) Simulated river bed variation status by artificial floods Prior to forecast calculation, river bed variations were replicated prior to and after the artificial flood in 2013. LP data prior to and after the flood were then compared for replicability confirmation purposes. Calculation conditions are shown in Table 1 and discharging hydrograph is shown in Fig. 6 . Grain diameter of bed material is homogenous and diameters are set at 59.2 mm, 70.9 mm, and 112.4 mm at KP 41, 42, and 43 respectively based on the 2012 survey results of 2012 at 60% diameter. Based on the three diameters calculated, grain diameter of 59.2 mm was the most replicable. Fig. 7 shows the bed variations before and after the artificial flood when the bed material is 59.2 mm in Table 1 The calculation conditions. diameter. Based on the results, section 1 in Fig. 7 shows more erosion than there really was and section 2 shows more deposition than what really happened. By excavating and connecting into the old watercourse, the flow into the watercourse increased tractive force and therefore caused advanced erosion in section 1. Meanwhile, the tractive force probably was lowered in the current watercourse and resulted in overall sediment deposition in section 2.
As noted above, the simulation did not replicate what happened exactly; however, the trend in erosion in the flow convergent part and nearby deposition trend were generally replicated. In the old watercourse of about 10 m in width, bed variation scale is small, sections from N and Q and also J and K generally are confirmed to be replicated in both erosion and deposition trend. Therefore, grain diameter of 59.2 m will be used in the simulation calculation.
(2) Prediction for maintenance of the old watercourse by artificial flood Prediction calculation was implemented geographically after excavation for the old watercourse was connected with discharge conditions with or without artificial flood. All discharge conditions are shown in Fig. 8 (a) and Fig. 8 (b) . Upon predicting the bed variations in the old watercourse, with its width being narrow about 10 m, it was therefore divided into five meshes laterally and the grid size was set at 2 m × 2 m. However, the grid size was so small; thus, there were some issues in calculation in terms of calculation time. Therefore, the calculation section was set short between KP42 and 43. All calculation conditions are set the same as in Table 1 except discharge volume, grid size, and grid range. The stream profile after excavation in the E project area and estimated dimensionless tractive force τ * are shown in Fig. 9 . In calculating τ * , the river level and energy grade were calculated values and the representative diameter used for bed material was 59.2 mm, which was the most replicable. As a result of the calcula- tion, the discharge conditions estimated, τ * being at or more than 0.05, at which the bed materials are generally considered to start to move, are about 120 m 3 /s at the excavation point of connection at the old watercourse, and the lower reach in the old watercourse are estimated to be 80 m 3 /s. When artificial flood was not implemented, as indicated in Fig. 10 (a) and Fig. 11 (a) , the inflow section in the old watercourse was maintained, and the sections within the old watercourse showed signs of sediment deposition. In the meantime, when artificial flood was implemented, as noted in Fig. 10 (b) and Fig. 11 (b) , the inflow section at the old watercourse and its lower reach section was eroded and formed multiple channels with clear inflow into the old watercourse. Flow volume gradually decreases in floods from melted snow discharge, and in low-velocity sections and shallow areas, sediment deposition is likely. Fig.9 The longitudinal profile of the riverbed and the calculated dimensionless shear stress τ * immediately after excavation of the old watercourse entrance at KP42.6. Artificial floods, which have a greater peak flow with greater fluctuations, and rapid bed fluctuations contributed more sedimentation than erosion in the old watercourse and therefore the old watercourse was maintained.
Compared with single channel, the current watercourse tends to have sediment deposition as a result of branches into the old watercourse, which lowers tractable force. Fig. 12 shows the actual geographical changes at KP 41.7 as time series. The difference in the heights within the channel is reduced and we could expect the formation of multiple channels that could easily lead to alternation. 9) (3) Prediction of positive effects expected with the maintenance of the old watercourse To determine the effects of artificial large-scale flood in maintaining the old watercourse, we predicted flow variation differences at the channel where inflow into the old watercourse was blocked (geographical condition 1) and at the channel where the flow after excavation into the old watercourse (geographical conditions 2). In this prediction calculation, we applied the flow volume of 343 m 3 /s of hydrology using the flood performance recorded in September 2011. The conditions are the same as noted in Table  1 except the flow volume and the geographical conditions at the inflow section into the old watercourse.
Bed variation range was limited when the flow into the old watercourse was blocked, as noted in Fig. 14  (a) . In the case where multiple channels were formed by excavation into the old watercourse, as noted in Fig. 14 (b) , a large-scale sediment erosion was seen in the current channel as well as in the old watercourse at the E project area and was noted in the lower reach area and channel variation toward the lower reach in the right bank. Additionally, at the convergent section of the E project excavation point, bank erosion moved up the channel in the left bank and a large channel change was seen as well. Fig. 15 and Fig. 16 , at the E project area, that in real flood, there was a similar channel change as seen in Fig. 14 (b) , which changes the channel to lower reach right bank direction by eroding both the left bank of the inflow section of the old watercourse and its lower side along the old watercourse.
Next, we compared the aerial photographs of pre and post flood of August 2016 at the project areas installed after 2015 and we noted, as shown in Fig. 17 , a large-scale erosion along the old watercourse at the H project area. At the J project area, the flood flow entered from the excavation and connection point and flowed directly into the right bank and large-scale erosion occurred. At the K project area, a series of erosion was seen along the old watercourse although the scale was smaller than those seen in other project areas.
To understand the effects of maintenance of the old watercourse, as shown in Fig. 16 and Fig. 17 , the vegetative areas lost after the flood in August 2016 were sectioned by the old and the current watercourses and the areal totals were tallied within the sections of the entire upper reach and the old watercourse that was connected. Fig. 18 shows the data extraction method in the project areas and Fig. 19 shows the results from the areas tallied. As to the vegetative areas lost per 1 km of channel, in the upper reach section of about 24.0 km, the areas along the old watercourse had 3.7 ha lost, which is about 2.2 times more than that in the current channel of 1.7 ha. In the project areas of about 3.8 km, on the other hand, the old watercourse had lost 4.1 ha, which is about 3.7 times more than that of current channel lost, which was 1.1 ha, and the project areas had more vegetative areas lost than the old watercourse did.
Based on this investigation, we found that the old watercourse tended to lose more vegetative areas ow- ing to the floods than the current watercourse. Likewise, in the areas we intentionally maintained by excavation and artificial floods in the old watercourse, the tendency was more significant during the floods. Therefore, we found that maintenance of old watercourse, by promotion of channel changes during floods, contributes to the loss of vegetative areas and thus has positive impacts in the recovery of gravel bars.
CONCLUSION
This study showed the following:
• In the channel with continuous nodes and antinodes, nodes were classified as pools and antinodes as riffles. The distribution of old watercourse and the location of nodes and antinodes were confirmed through existing aerial photographs. Understanding the stream profile in the upper and lower sections of the nodes were done through detailed survey, which revealed the longitudinal characteristics of pools and riffles. Then, excavation into the old watercourse at immediate lower nodes contributed to the efficiency of the survey and restoration works on multiple channels.
• The artificial floods implemented to restore gravel bars in the Satsunai River have positive impacts in maintaining the old watercourse by excavation and connection into it and reducing the difference in the heights within the channel. By this we could expect the formation of multiple channels that can easily lead to alternation. 9) • Based on the prediction of positive impacts expected by maintaining the old watercourse using river bed variation calculation, channel changes were analyzed during the flood in August 2016, which was the largest available scale. Results showed that the vegetative areas lost owing to the flood tended to be larger along the old watercourse than they were in the current channel, and in the sections where the old watercourse was actively maintained by excavating into it, the tendency to increase vegetative areas lost was noticeable.
• It was demonstrated that the maintenance of the old watercourse had positive impact on the restoration of gravel bars by promoting channel changes during floods.
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